The photosynthesis is the process used by plants and bacteria cells to convert inorganic matter in organic thanks to the light energy. This process consist on several steps, being one of them the electronic transport from the photosystem II to the cytochrome thanks to plastoquinone-9 (PQ). Here we prepare membranes that mimic the characteristics and composition of natural photosynthetic cell membranes and we characterize them in order to obtain the PQ molecules position in the membrane and their electrochemical behaviour. The selected galactolipid is digalactosyldiacylglycerol (DGDG) that represents the 30% of the thylakoid membrane lipid content. The results obtained are worthful for several science fields due to the relevance of galactolipids as anti-algal, anti-viral, anti-tumor and anti-inflammatory agents and the antioxidant and free radical scavenger properties of prenylquinones. Both pure components (DGDG and PQ) and the DGDG:PQ mixtures have been studied using surface pressurearea isotherms. These isotherms give information about the film stability and indicate the thermodynamic behaviour of the mixture and their physical state. The Langmuir-Blodgett (LB) film has been transferred forming a monolayer that mimics the bottom layer of the biological membranes. This monolayer on mica has been topographically characterized using AFM and both the height and the physical state that they present have been obtained. Moreover, these monolayers have been transferred onto ITO that is a hydrophilic substrate with good optical and electrical features, so that, it is suitable for studying the electrochemical behaviour of these systems and it is a good candidate for energy producing devices.
Introduction
Artificial lipid bilayers have been extensively studied as membrane models that mimic natural membranes, so they are also called biomimetic membranes. They have shown their relevance in a broad range of chemical and biological applications, being one of the most encouraging the development of artificial photoelectric devices [1] [2] [3] [4] [5] . The thylakoid membrane of chloroplasts of oxygenic organisms is the site where the photochemical and electron transport reactions of photosynthesis take place. In particular, the electron and proton shuttle between photosystem II and cytochrome is carried by platoquinone-9 (PQ) (Fig. 1A ) in higher plants. On the other hand, the thylakoid membrane is constituted by a lipid matrix that avoids the free diffusion of ions, maintains the fluidity of the membrane and allows an electrochemical potential difference across this membrane, which is required for the ATP synthase [6] . The 70% of the thylakoid membrane area is occupied by proteins and the rest is mainly constituted by lipids. This thylakoid membrane harbours the protein complexes of the oxygenic photosynthetic machinery [7] . On the other hand, the lipidic content of the thylakoid matrix depends on the specie and the external conditions. However, it can be agreed that the thylakoid membrane of a typical higher plant is composed by the following lipids: monogalactosyldiacylglycerol (MGDG) ≈ 50% (Fig. 1C) , digalactosyldiacylglycerol (DGDG) ≈ 30% (Fig. 1D) , sulfoquinovosyldiacylglycerol ≈5-10%, phosphatidylglycerol ≈5-10% [7] and small amounts of other lipids [8, 9] .
In order to prepare reliable membranes that can mimic the natural photosynthesis, the lipidic content and the chemical nature of this membrane should be close to the natural ones. Moreover, the position knowledge of the redox molecules in the biomimetic matrix is also of great relevance due to it affects the electron transfer process. The position of the ubiquinone-10 (UQ) (Fig. 1B) , which is similar in size and shape to PQ, has been studied in several attempts on phospholipid bilayers that light different conclusions. However, there is consensus that UQ has two main positions in a lipid bilayer [10] , which are called by Söderhäl and Laaksonen [11] as "diving quinone" and "swimming quinone". "Diving quinone" is characterized by an inflexion point in the hydrocarbon tail of the UQ, which separates the UQ molecules in the head plus part of the tail (HPT) and the last part of the tail (LPT). HPT is placed in parallel to the lipid chains, inserted between them, whereas LPT is free to move. LPT can adopt two configurations, first, perpendicular to the lipid chains, and second, inserted in parallel between the lipid chains of the opposite leaflet where the HPT is. This second position of LPT, although it may seem unfavoured, is stable due to the similar properties between the UQ tail and the lipid chains, and so that, it is soluble in this region [11] . Söderhäl and Laaksonen [11] simulations suggest that the UQ headgroup, in the lamellar state of the SPB, is placed between the 3rd and the 6th carbon atoms of the lipid chain counted from the carbonyl carbon, which is consistent with the previous studies of Aranda et al. [12] .
The "swimming" position is characterized by the flexible hydrocarbon tail of UQ, which moves randomly on the midplane and the corresponding UQ head can move a maximum of ≈1 nm in the lipid chains of both sides of the bilayer [11] . The "swimming" position is more stable than the "diving" position due to, in the later, the cooperative motions between the lipid chains are disrupted by the intrusion of the UQ head. Moreover, the midplane is less molecule crowded and it has lower viscosity (2 × 10 −3 Pa s) than the polar head region (0.1-0.2 Pa s), so being favoured the UQ position in this midplane [13, 14] . The position corresponding to "diving quinone" has been proposed using several techniques [12, [15] [16] [17] [18] , and similar occurs with the "swimming" position [10, [19] [20] [21] .
In this work we use the Langmuir and Langmuir-Blodgett (LB) techniques to prepare biomimetic monolayers of the DGDG:PQ systems due to the high control over the membrane structure that the LB technique confers compared with other techniques for biomimetic membrane formation that include vesicle fusion [22] . These monolayers are studied using surface pressure-area, π-A, isotherms and their data are processed to light their physical states and mixing behaviour. These monolayers, once transferred to a solid substrate at several surface pressures (including the natural membranes internal lateral surface pressure ≈ 33 mN m −1 [23] ) will be topographically studied using Atomic Force Microscopy (AFM) to observe the influence of PQ in the DGDG matrix. Finally, we use the cyclic voltammetric technique for studying the electrochemical behaviour of the monolayers once transferred to indium-tin oxide (ITO), which has good optical and electrical properties, so converting ITO in the perfect candidate for studying artificial photosynthesis and other energy producing devices [24] . Moreover, the results obtained are worthful for several science fields due to the relevance of galactolipids as anti-algal, anti-viral, anti-tumor and antiinflammatory agents and the antioxidant and free radical scavenger properties of prenylquinones [25] .
Materials and methods

Materials
PQ was provided by ASM Research Chemicals and DGDG, with acyl = stearoyl (18:0), was purchased from Matreya (USA). KH 2 PO 4 , KCl and chloroform of analytical grade from Sigma-Aldrich were used in solution preparation. Water was ultrapure MilliQ® (18.2 MΩ cm). Mica sheets were purchased from TED PELLA Inc. (CA) and ITO deposited on glass slides purchased from SOLEMS (France).
Methods
Monolayer formation
Langmuir and Langmuir-Blodgett monolayer formation was carried on a trough (Nima Technology, Cambridge, UK) model 1232D1D2 equipped with two movable barriers. The surface pressure was measured using paper Whatman 1 held by a Wilhelmy balance connected to a microelectronic system registering the surface pressure (π). The subphase used in these experiments was MilliQ® quality water. Prior to the subphase addition, the trough was cleaned twice with chloroform and once with MilliQ® quality water. Residual impurities were cleaned from the air|liquid interface by surface suctioning. The good baseline in the π-A isotherms confirms the interface cleanliness. Solutions of DGDG, PQ and DGDG:PQ were prepared using chloroform and spread at the air|liquid interface using a high precision Hamilton microsyringe. Barrier closing rates were fixed at 50 cm 2 min −1 (8. ) for LB film transfer. No noticeable influence of these compression rates was observed on the isotherm shape. Isotherm recording was carried out adding the solution to the subphase and waiting 15 minutes for perfect spreading and solvent evaporation. Experiments were conducted at 21 ± 1°C and repeated a minimum of three times for reproducibility control. LB monolayers were transferred to mica surface for AFM characterization and to ITO for electrochemical characterization, at defined surface pressure values. Mica surface has lower roughness than ITO surface at a nanometric scale, which permits the best observation of the monolayer films. LB film transfer was conducted dipping the substrate, freshly cleaved mica or cleaned ITO, through the air|liquid interface on the subphase before adding the solution, and 5 min was lagged after pressure setpoint was achieved. Transfer speed was set at 5 mm min −1 linear velocity. The transfer ratios obtained for mica are close to 100% at each surface pressure, and those for ITO are similar except for the lower surface pressure of 3 mN m −1 where the transfer ratio is close to 80%.
AFM characterization
The AFM topographic images of LB films were acquired in air tapping mode using a Multimode AFM controlled by Nanoscope IV electronics (Veeco, Santa Barbara, CA) under ambient conditions. Triangular AFM probes with silicon nitride cantilevers and silicon tips were used (SNL-10, Bruker) which have a nominal spring constant ≈0.35 N m −1 and a resonant frequency of 50 kHz. Images were acquired at 1.5 Hz line frequency and at minimum vertical force to reduce sample damage. AFM images were obtained from at least two different samples, prepared on different days, and by scanning several macroscopically separated areas on each sample.
Electrochemical characterization
The voltammetric measurements were performed in a conventional three-electrode cell using an Autolab Potentiostat-Galvanostat PGSTAT-12 (Ecochemie, NL). Working electrodes were freshly-cleaned ITO slides (10 mm × 25 mm) cleaned once with ethanol and three times with MilliQ® grade water. Counter electrode was a platinum wire in spiral geometry and the reference electrode was an Ag/AgCl/3 M KCl microelectrode (DRIREF-2SH, World Precision Instruments). This reference electrode was mounted in a Lugging capillary containing KCl solution at the same cell concentration. All reported potentials were referred to this electrode. The electrochemical cell contained 0.150 M KCl as supporting electrolyte at pH 7.4 adjusted with the KH 2 PO 4 /K 2 HPO 4 buffer solution. This pH is in the range of physiological pH of cells. All solutions were freshly prepared with MilliQ® grade water de-aerated with a flow of Ar gas for 15 min prior to the cyclic voltammetry (CV) experiments, which were conducted at 22 ± 1°C. Voltammetric experiments were carried out at several scan rates, scanning towards cathodic potentials in a homemade glass cell with a reaction area of 33 mm 2 .
Results and discussion
π-A isotherms, physical states and mixing behaviour
The π-A isotherms of DGDG, PQ and their mixtures at biological relevant ratios referred to the DGDG area per molecule are presented in Fig. 2 . Inset of Fig. 2 represents the C s −1 curves corresponding to the described π-A isotherms, and they are calculated according to Eq. (1).
The most significant values of Fig. 2 the pure DGDG indicating that the PQ has been mostly expelled from the DGDG matrix. So that, the remaining PQ molecules have been accommodated producing little effect on the headgroups packing. Both the lift-off area and the area at which appears the kink point (local minimum point in the C s −1 curve that represents changes from concave to convex or vice-versa in the π-A isotherms) increase as the PQ content in the DGDG:PQ mixture is enlarged (Table 1) and it is correlated with the distorting effect of PQ in the DGDG matrix [26] . This phenomena was also observed by Kruk et al. [27] using PQ and unsaturated MGDG and also by Bilewicz et al. [28] using UQ and C 18 SH/C 18 OH. The presence of PQ in the initial zone hindrances the packing of the DGDG headgroups, and therefore, the hydrophobic interactions between the DGDG chains are also reduced, as it was seen in the case of UQ inserted in phospholipids [26, 29] . The explanation for this phenomenon is that PQ is better retained in the lipid monolayer when present at low concentrations due to it affects in a lower extent the formation and shape of the ordered phases. . This kink point, in accordance with the values presented by Vitovic et al. [30] and the characteristics of this system, indicates the phase change from liquid expanded (LE) to liquid condensed (LC) and it implies the main PQ expulsion from the lipid matrix. The extent of this rejection and the surface pressure at which takes place depend on the initial PQ content. At π N 15 mN m − 1 the mixtures and the pure DGDG present a similar C s −1 curve shape (inset of Fig. 2 ), which is correlated with a similar PQ content remaining between the lipid chains. However, the mixtures present slightly lower C s −1 values than the pure DGDG, which corroborate that the presence of the remaining PQ slightly hindrances the perfect packing of the mixtures.
Phase rule
The collapse pressure of a mixed monolayer of different components is related to the miscibility of its components, being dependent on the film composition in a miscible system [31, 32] . In our DGDG and DGDG:PQ mixture isotherms, the collapse pressure is ≈ 58 mN m −1 .
Therefore, the similar collapse pressure can be used to elucidate the expulsion of one of the components in a mixed film. In a two component monolayer, if components are completely immiscible, a lower collapse pressure of one of the components will be observed as predicted by the phase rule. Maintaining temperature and external pressure constant, the number of degrees of freedom F of the monolayer system is given by Eq. (2) [33, 34] , where C B is the number of components in the bulk, C S is the number of components confined to the surface, P B is the number of bulk phases, and P S is the number of monolayer phases in equilibrium with each other.
In our DGDG:PQ experiments, at the air|water interface, C B = 2 (air and water), C S = 2 (DGDG and PQ), and P B = 2 (gas and liquid); thus F = 3 − P S . According to that, homogenous mixed films achieve the collapse equilibrium with P S = 2 (condensed and collapsed state), so the system will have one degree of freedom. According to our results, the collapse pressure is practically fixed, discarding the experimental deviations, for pure DGDG and DGDG:PQ mixtures. This indicates zero degrees of freedom and therefore, following the previous reasoning, P S = 3. So that, at the collapse equilibrium of the mixtures isotherms coexist: DGDG (LC), DGDG (collapse) and expelled PQ. The same statements can also be applied to the phase change zone at π ≈ 5 mN m
, where π is practically fixed indicating zero degrees of freedom. Thus P S = 3, which indicate that three phases coexist: DGDG:PQ (LE), DGDG:PQ (LC) and expelled PQ, confirming the beginning of the PQ expulsion at this surface pressure. This observation coincides with the AFM conclusions.
Thermodynamic study
The representation of the mean area per molecule vs. the molar fraction at selected pressures gives idea about the ideality of a mixture at these surface pressures (Eq. (3)). On the other hand, the representation of the ΔG mix vs. PQ molar fraction gives idea about the stability of the mixture (Eqs. (4)-(6)):
where A E is the excess area, and A 12 the mean area per molecule for the mixture. A 1 and A 2 are the area per molecule for the individual components and x 1 and x 2 are the molar fraction of each component. G E is the excess free energy of mixing and ΔG mix is the free energy of mixing. On the other hand, N A is Avogadro's number, R is the gas constant and T is the absolute temperature. , which indicates that, at these surface pressures, the interactions between the two components are weaker than the interactions between pure components [35] suggesting the possible formation of enriched domains or aggregates of molecules [32, 34] at high PQ content. Fig. 3B represents the ΔG mix vs. PQ molar content at several surface pressures before the main PQ expulsion. The negative values observed for ΔG mix at π ≤ 5 mN m −1 indicate that the mixed monolayers of DGDG:PQ are more stable than pure components [35] , although the low ΔG mix values corroborate the low stability of the mixture. The formation of non-ideal mixtures between PQ and DGDG at low surface pressure is explained by the difference in the chain length between PQ and DGDG, which permits a free rotation of the PQ part that protrudes over the DGDG, producing also a motion of the DGDG molecules that induces an increase of the molecular area [35, 36] .
AFM
We present the topographic images of DGDG and several DGDG:PQ mixtures at several surface pressures to light which the organization of these molecules is once transferred to a hydrophilic substrate (mica) and ultimately, correlate this knowledge with the predicted results in previous sections. Fig. 4 presents the AFM topographic images corresponding to DGDG transferred at several surface pressures on mica. The images present two tonalities of brown (fair and dark) and the height measurements indicate that both correspond to zones with different heights of the DGDG monolayer. The measurements of the relative height of the higher fair zones referred to the dark zones in Fig. 4 are 15 ± 1 Å. This information indicates that the monolayer, once transferred to the mica surface, presents zones with a different tilting of the DGDG molecules that indicate a different physical state. It is important to remark that each brown tonality indicates a different height but the physical state that is correlated with them depends on the surface pressure at which the monolayer has been transferred.
DGDG on mica at low surface pressures (π ≤ 3 mN m −1 ) forms round edge domains of a compact state (Image A) whereas the rest of the molecules are in a more fluid state. The compression of the film leads to the ordering of the fluid phase (Images B and C in Fig. 4 ) till the ordered state covers the entire mica surface (Fig. 4D) . At π = 45 mN m − 1 this compact monolayer surface presents some rounded shape structures, which origin is uncertain but we hypothesize that they are the result of a local surface pressure increase that induces a local collapse [37, 38] of the film, forming flattened disks of ≈100-200 nm diameter and a height of 3 to 20 nm. These observations are consistent with small flattened bilayer vesicles, in line with previous observations for POPG [39] and DPPG [40] . The relative height of the more ordered phase respectively to the less ordered phase has been measured in order to clarify which physical state predominates at each surface pressure. The C s −1 max values presented in the inset Fig. 2 indicate that S state is never achieved by DGDG, so in Fig. 4A , we correlate the relative height of 15 ± 1 Å to the LC1 state referred to the LE state (dark zones), corresponding the molecules in LC1 to the molecules at the beginning of the LC state (medium brown). The relative height of 3 ± 1 Å observed in Fig. 4C is correlated with the LC2 state, molecules at the more ordered state of the LC state (fair zones), referred to LC1 (dark zones). Therefore, fair zones at π = 3 mN m −1 correspond to the LC1 state and at higher surface pressure, they represent the LC2 state. On the other hand, dark zones corresponds to the LE state at π = 3 mN m − 1 that changes to LC at higher surface pressures. The compression of the less ordered state transforms gradually the LC1 zones on LC2, remaining small LC1 areas that achieve rounded shape when the surface pressure is increased (Fig. 4C) . These topographic results for saturated DGDG differ from the observations of Bottier et al. [41] and Chu et al. [42] who observed homogeneous LE phase images with no visible phase separation for unsaturated DGDG at several surface pressures. The height of the LE phase of galactolipid-prenylquinone systems has been estimated in 6 ± 2 Å based on the height observed for the LE state of the MGDG:UQ system [26] . Moreover, this LE height is in accordance to the 3-6 Å observed in the literature for LE of DPPC [43, 44] .
Accepting that this value should be close to that of the DGDG, we calculate the absolute height of each physical state according to it and the relative heights previously measured ( Table 2) . Fig. 5 shows the AFM topographic images corresponding to pure DGDG and the selected DGDG:PQ mixtures transferred on mica at π = 3 mN m − 1 . The surface pressure used permits us to ensure that PQ is present in all the mixtures showing the larger differences for these systems. The images A-D show two different tonalities of brown (fair and dark) and both correspond to the DGDG or DGDG:PQ monolayer, being each tonality correlated with a different physical state of the system monolayer. On the other hand, the images A-D show that the PQ content has no influence on the ordered domains size whereas it affects the area occupied by these domains, being increased when lowering the initial PQ content. In order to explain the behaviour of the DGDG:PQ mixtures at several surface pressures, we have selected the 5:1 ratio (Fig. 6 ) due to it is the most different from the pure DGDG (Fig. 4) of the ratios we have studied and it represents the best option to compare them. The results obtained for the DGDG:PQ system, as it has been seen for pure DGDG, indicate that each brown tonality indicates a different height but the physical state that is correlated with them depends on the surface pressure at which the monolayer has been transferred. This information indicates that the monolayer, once transferred to the mica surface, presents zones with a different tilting of the DGDG molecules , where practically the entire monolayer is compact, remaining only small rounded zones with the molecules in a less ordered state. On the other hand, AFM topographic images have been performed with the systems DGDG:PQ 10:1 and 20:1 (not shown) obtaining a behaviour comprised between the pure DGDG and the DGDG:PQ 5:1 (Fig. 6) , so only the images corresponding to π = 3 mN m −1 for DGDG:PQ 10:1 and 20:1 are presented (Fig. 5) .
AFM discussion
The different height observed for each tonality of both systems indicates a different tilt order of the molecules, which depends on the surface pressure and the interactions established between molecules and between the molecules with the substrate. On the other hand, it seems clear that the physical states deduced using the C s −1 curves for pure DGDG are more ordered than the corresponding to DGDG:PQ at the same surface pressure, so that, the different tonalities are correlated with different ordering state, but the order that represents each tonality depends on the presence of PQ. In order to light each physical state, we have measured the relative height between fair and dark zones of the DGDG:PQ systems, and assuming the explained height of 6 ± 2 Å for the dark brown zones referred to the mica surface, the absolute height is presented in Table 2 . The absolute heights obtained at each surface pressure and considering the C s −1 results permit the obtaining of the physical state corresponding to each tonality for all the systems (Table 3) where LC1 and LC2 have the meaning explained for pure DGDG. The DGDG and DGDG:PQ mixture monolayers cover the entire mica surface at all the studied surface pressures. The non-observation of uncovered mica zones permits obtaining the proportion of each physical state. Fig. 7 presents the percentage of the monolayer in fair brown, so that, according to the Table 3 , the proportion of each physical state can be elucidated.
The results obtained in Fig. 7 for the DGDG:PQ systems show the expected trend of more surface covered by the compact state when decreasing the PQ content. The reason for this behaviour is that the reduced presence of PQ enhances the ordering of the DGDG molecules. Increasing the surface pressure, all the DGDG:PQ systems increases the presence of LC zones achieving at π = 15 mN m −1 a nearly flat increase, which is correlated with that the major content of PQ has been rejected from the lipid matrix. On the other hand, pure DGDG presents a nearly flat increase of the area covered by the more compact phase when increasing the surface pressure. The explanation is the quick transformation of the LE or LC1 state in LC2, which leads that the entire monolayer is in a LC state at 15 mN m −1 . The simultaneous presence of two different physical states at each surface pressure for both the DGDG and DGDG:PQ systems indicates that both systems present a physical state change that implies the coexistence, from low surface pressures, of zones with low and high order of molecules (see Table 3 ). The pure DGDG system achieves the complete LC state (Table 3) at lower surface pressure than the DGDG:PQ mixtures, which is explained by the presence of PQ in the DGDG:PQ mixtures that hindrances the packing of the DGDG molecules.
At the same surface pressure, the DGDG presents similar or higher ordered state for the fair zones than the DGDG:PQ mixtures (see Table 3 ), which indicates that part of the PQ is in the LC domains. A similar behaviour is observed for the dark zones, which also indicates the presence of PQ in the LE state. These observations indicate that PQ is present in both physical states of the DGDG:PQ mixtures and the higher affinity of the PQ for the LE state points the formation of DGDG:PQ domains (LC zones) with low PQ content and DGDG:PQ domains with high PQ content (LE zones), so establishing the LE zones as PQ rich zones. On the other hand, the LC areas correspond to DGDG zones where the low presence of PQ slightly hinders the compactness of this physical state (Fig. 5) .
Electrochemical behaviour
The electrochemical behaviour of the ITO-DGDG/electrolyte, ITO-PQ/electrolyte and the ITO-DGDG:PQ/electrolyte systems is studied in this section. In our experiments, three CVs are required to obtain the stationary state in the electrochemical response, presenting a good reproducibility from the third scan and at least 15 cycles. 5:1 transferred on ITO at several surface pressures which, in part, are the same that were selected for topographic AFM imaging on mica. In the experimental conditions, the CVs start at several positive potentials at which the PQ has the quinone ring in its oxidized form [45] . The potential is first scanned towards cathodic potentials until a final potential, which is determined by the hydrogen evolution, and then, the scan is reversed till the initial potential. Despite the fact that wider potential window has been tested, the results for pure PQ and DGDG:PQ 5:1 system at π = 3 mN m − 1 (Fig. 8A) show only one redox process that we will assign as process I.
The DGDG:PQ 5:1 system at π = 33 mN m −1 shows two reduction and two oxidation peaks, whereas at π = 15 mN m −1 one reduction and two oxidation peaks are observed (Fig. 8B) . Comparing the potential of reduction and oxidation peaks with those in Fig. 8A (see also the inset in Fig. 8B ), we label as process I the first redox process in Fig. 8B and we assign process II to the second redox process that present the DGDG:PQ 5:1 system at this higher surface pressures. On the other hand, the ITO-DGDG:PQ/electrolyte system has also been studied with lower PQ content (not shown), presenting at all the studied surface pressures only one reduction and one oxidation peak (process I) with lower faradaic response compared with the ITO-DGDG:PQ/electrolyte 5:1 system, scanning at 10 mV s
. On the other hand, it is also interesting to observe that the double layer capacity of the ITO-DGDG/electrolyte experiments is fitted in the capacitive current of the ITO-DGDG:PQ/electrolyte systems (see DGDG line in Fig. 8A and B) . In order to gain more information about the ITO-PQ/electrolyte and ITO-DGDG:PQ/electrolyte systems, voltammograms at several scan rates have been performed. Fig. 9 shows the CVs of the ITO-DGDG:PQ/ electrolyte 5:1 and 10:1 systems for π = 33 mN m − 1 and ITO-PQ/ electrolyte system at π = 2 mN m −1 , being all experiments scanned at 200 mV s − 1 . In this figure, the scan rate is increased in such way that the hydrogen evolution present in all the voltammograms at all compositions starts at more negative potentials than at 10 mV s −1 , indicating that this evolution is a quite slower process than process II. In consequence, the reduction of process I and II is unmasked and it confirms that the ITO-DGDG:PQ/electrolyte 10:1 system at π = 33 mN m −1 also shows process II.
Discussion of the electrochemical response of the ITO-DGDG:PQ/ electrolyte system
The dependence of peak current intensity of the redox process I and II vs the scan rate has been studied for the ITO-DGDG:PQ/electrolyte 5:1 (not shown). A linear dependence has been obtained, either for the reduction and the oxidation peak currents of both process I and II. This linear dependence indicates that the PQ/PQH 2 redox couple is surface confined in both processes [46, 47] and that the electron-transfer process is not diffusion controlled. Therefore, in the experimental conditions the PQ molecules have in the surface environment enough hydrogen ions to accomplish the global electron transfer reaction that at pH = 7.4 is written as:
The peak shape of the voltammograms for the ITO-DGDG:PQ/ electrolyte systems (Figs. 8 and 9 ) is not symmetrical, presenting the reduction peak a sharper shape than the oxidation one. The different shape of reduction and oxidation peaks can be explained by the different hydrophilic character of the redox couple PQ/PQH 2 . During the reduction scan, the larger polarity of PQH 2 compared with PQ leads the former to establish better attractive interactions by dipole-dipole or hydrogen bond between PQH 2 and DGDG headgroups [36, 46] . During the oxidation scan, PQH 2 is the reactant so the possibilities of larger hydrogen bonds, increases the stabilization of the PQH 2 molecule and makes them more difficult to oxidize.
In all the studied ITO-DGDG:PQ systems, the redox peak separation for process II is larger than for process I indicating that process II is even more irreversible than process I. The formal potential of process I and II calculated as the midpoint between the reduction and oxidation peak potentials is shown in Table 4 . Table 4 shows that the E f (I) for the ITO-DGDG:PQ/ electrolyte 5:1 system is close to the formal potential of the redox process I obtained for the ITO-PQ/electrolyte system, which indicates that the local environment around each PQ heads is similar in these situations [48] . Thus, for the DGDG:PQ films, we correlate the process I with the redox behaviour of PQ/PQH 2 molecules placed inside the lipid layer with direct contact or short distance between ITO and the PQ head. On the other hand, process II is more irreversible than process I, but it has more positive formal potential (close to that of benzoquinone/ hydroquinone in aqueous solution E f ≈ 0.14 V vs. Ag/AgCl [49] ) which can be correlated with a more aqueous environment for the PQ/PQH 2 headgroups with higher H + ion availability nearer to the aqueous electrolyte. Therefore, we correlate process II with the redox behaviour of the PQ molecules that have been expelled from the DGDG matrix and are placed on top of the monolayer. The major irreversibility of process II compared with process I is correlated with the larger distance that the electron transfer is forced to proceed from the ITO surface to the PQ head, which induces a slowing of the overall electron-transfer rate that is often observed in SAM of electro-active molecules [48, 50] and in SPB [51] . The fact that the half-width of the oxidation peak II was larger than that of I is also an indication of a different local environment of PQH 2 molecules during the oxidation process. . Γ O (I) value present a slight decrease increasing the surface pressure for the DGDG:PQ 5:1 system and a continuous increase until that maximum value at lower PQ contents in the DGDG:PQ mixture.
Global sight of the DGDG:PQ system transferred on ITO using the LB technique
In this section we explain the global behaviour of the DGDG:PQ system and the position of the PQ molecules in the monolayer studying the results obtained from the used techniques. We will discuss the positions of PQ based on the explained studies for UQ (see Introduction) due to the similarities between both prenylquinones. In addition, we consider that the positions and processes that take place in the lower leaflet of a bilayer are comparable with those that take place in the LB monolayer.
The slightly lower C s −1 values observed for the DGDG:PQ mixtures compared to the pure DGDG after the kink point indicate that the presence of the remaining PQ molecules (diving position, see Introduction) has little effect on the monolayers of the DGDG:PQ mixtures. The shape of the π-A isotherms, the shape of the C s −1 curves and the shape of the kink point in the C s −1 curves suggest that the system experiences a sudden PQ expulsion of most of the PQ content. The expulsion of the PQ from the lipid heads region leads to the diving position without ITO-PQ contact and to the swimming position, being this last position and the formation of aggregates favoured at large initial content of PQ and at ordered states, as it was previously observed [17, 29, 52, 53] . So that, the expulsion of PQ is the way chosen by the DGDG:PQ mixture to minimize its energy at the interface [54] and to minimize the low favourable interactions between PQ and the DGDG chains. The proportion of PQ at each position (diving or swimming) is defined by the DGDG physical state and the initial PQ content. A complete vision of the PQ positions in the DGDG:PQ monolayer can be obtained considering the thermodynamic description of the physical states, the AFM results of the DGDG:PQ 5:1 system on mica (Fig. 6 ) and the CVs of Figs. 8 and 9 . Therefore, these PQ positions will be extrapolated to all the ITO-DGDG:PQ systems considering the explained presence of PQ in both physical states (LE and LC) of the DGDG:PQ mixtures. At π = 3 mN · m − 1 , the CVs of Fig. 8 show that only the redox process I is obtained and it presents a similar formal potential to that of process I for the ITO-PQ/electrolyte system ( Table 4) . The slight displacement to more negative values of the E f (I) for the ITO-DGDG:PQ/electrolyte 5:1 system, shown in Table 4 , may be related with the higher proportion of compact LC state compared with the pure PQ or the ITO-MGDG:UQ/electrolyte 5:1 system which induces slight changes in the PQ environment that hindrance the electron transfer.
Despite these small differences, at low surface pressures, regardless the MGDG:UQ domains are in LE or LC state (Fig. 6A) , we correlate process I with the diving position at which the UQ is placed in the MGDG matrix and located in direct contact with the electrode surface (see the Scheme 1 at π = 3 mN m −1 ). The compression of the explained monolayer induces two actions: First the compactness of the LC state, so favouring the rejection of part of the PQ in diving position. On the one hand, it can be vertically rejected to the diving position without ITO-PQ contact and, on the other hand, horizontally to the remaining LE zones so enriching them in PQ. Second, the phase change from LE to LC of the remaining LE zones (Fig. 6C ). Further compression results in smaller but more enriched LE zones and a more compact LC state ( Fig. 6C and D) . In addition it implies the rejection of the PQ molecules in diving position without ITO-PQ contact to the swimming position. In this case, the low quality of the topographic images for DGDG:PQ mixtures at π = 33 mN m − 1 complicate the observation of the PQ physical state but the no observation of localized higher zones suggests that the PQ are present as single molecules or small pools of molecules in LE state. In relation to this fact, we relate it to the difficulty on performing topographic images on tapping mode at high surface pressures. The presence of enriched domains is predictable based on the Van Dijck et al. [55] observations for saturated phospholipids with the same headgroup and other studies presented in the literature [17, 53, 56] . In addition, Fig. 6C and D presents small LE zones in circular shape, which is the shape adopted by the monolayers to minimize the surface tension of the nascent boundary when lipid reorientates in the layer boundaries [57] , and they may indicate that the composition in and out the rounded shape is different. On the other hand, the saturation of the Γ O (I) when increasing the surface pressure at which the LB film has been transferred suggests that, when changing from LE to LC, the vertical rejection is also favoured, placing part of the PQ molecules in the swimming position in the LC zones. The gradual LE to LC physical state change permits that part of the PQ molecules get the most stable position that is the swimming position. However, the diving position can be favoured thanks to fast physical state change and/or part of the PQ molecules self-aggregate, in accordance with Roche et al. [6] , forming head to head aggregates to withstand the hydrophobic environment of the lipid chain region. It is important to consider that our experiments always present a higher PQ content than the minimum observed in the literature for UQ aggregation (0.5-2 mol.%) [17, 28, 58] .
In order to clarify the position and organization of the DGDG and PQ molecules at each physical state, Scheme 1 represents the position of DGDG and PQ molecules of the DGDG:PQ 5:1 system at the studied surface pressures. Scheme 1 explains the different meaning of the fair and dark colours observed in the AFM images summarized in Table 3 and the PQ positions that origin the redox processes I (position I α corresponds to diving position with ITO-PQ contact and I β to diving position without ITO-PQ contact) and II.
PQ molecules are present in two main positions in natural cell membranes being PQ A bounded to the photosynthesis system II (PSII) and PQ B that can free move. The electron flow from PQ A to PQ B is possible thanks to the higher redox potential of PQ A due to the hydrogen bonds between the keto-oxygens and surrounding protein residues [59] . This natural behaviour can be compared with our system in which the different positions diving and swimming have also different redox potential. The redox potential for the swimming PQ is ≈110 mV more positive than that of the diving PQ, which, by chance, is in line with the fact that the redox potential of PQ A is ≈80 mV more positive than that of PQ B [59] . The redox potential gradient permits the electron flow from the diving position to the swimming position.
The obtained results indicate that the position of PQ in the DGDG matrix can be tuned according to the surface pressure at which the LB film has been transferred, which favours the electron and proton transfer in the selected direction. The LB method permits a higher control of the PQ position compared with the vesicle fusion method observed in the literature [10, 12, [15] [16] [17] [18] [19] [20] [21] . In addition, the method performed establishes a robust lipidic matrix that is suitable to embed molecules of PQ and other molecules that can be useful in artificial photosynthesis.
Conclusions
The results obtained from the different used techniques and their interpretation allow us to assign the position of the PQ molecules in the lipid matrix. At low surface pressures, regardless the DGDG:PQ domains are in LE or LC state, PQ is located in diving position with the PQ placed in the DGDG matrix in direct contact with the electrode surface (I α ). The compression of the explained monolayer induces two actions: First the compactness of the LC state, so favouring the rejection of part of the PQ in diving position. On the one hand, it can be vertically rejected to the diving position without ITO-PQ contact (I β ) and, on the other hand, horizontally to the remaining LE zones so enriching them in PQ. Second, the phase change from LE to LC of the remaining LE zones. Further compression results in smaller but more enriched LE zones, a more compact LC state and it implies the rejection of the PQ molecules in diving position without ITO-PQ contact to the swimming position. The proportion of PQ at each position (diving or swimming) is defined by the lipid physical state and the initial PQ content. On the other hand, the LB method permits a higher control of the PQ position compared with the vesicle preparation method.
The position of PQ in the DGDG matrix can be tuned according to the surface pressure at which the LB film has been transferred, which favours the electron and proton transfer in the desired direction.
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